The DNA base composition, including the minor base content, of 26 strains of bacteria was determined. The studied bacteria are sources of widely used restriction endonucleases. Approximately 35% of the bacterial DNAs contained N4-methylcytosine, about 60% contained 5-methylcytosine, and about 90% had N6-methyladenine.
N6-methyladenine.
Both N6-methyladenine (m6A) and 5-methylcytosine (m5C) have been long known to be minor bases in bacterial DNA (7, 9, 16) . One or both of these methylated bases are present in most bacterial DNAs examined (4, 11, 33) . Recently, a third minor base, N4-methylcytosine (m4C), has been found in DNA from eight types of thermophilic bacteria (11) and in that from one type of mesophilic bacteria (19, 20) . Previously, m4C residues had been detected only in the RNA of the small ribosomal subunit of bacteria and of mammalian and insect mitochondria (8, 13, 40) . This modified base is not present in a variety of eucaryotic DNAs (13; Gehrke et al., unpublished results).
The minor base composition of bacterial DNA is partially determined by restriction-modification systems (30) . The level of minor bases should be consistent with the known specificities of the host restriction and modification enzymes. Also, it can reveal the presence of new DNA methyltransferases. For example, if the known restriction enzymes in a bacterium have recognition sites containing only G. C base pairs and if m6A as well as m5C is found in this cellular DNA, then one or more other unrelated modification pathways must be present. These could be involved in previously unidentified restriction-modification systems in the bacterium or in the control of various DNA functions (3, 15, 29, 35) .
The present study demonstrates that genomic m4C is not mostly limited to the DNA of thermophilic bacteria. Rather, it is present as a minor base in the DNA of many bacterial mesophiles. Of the 26 bacterial species examined in this study, 9 contained m4C in their genomes. Most of the examined bacteria are mesophiles, and all of them are sources of commercially available restriction endonucleases. The prevalence of m4C as a minor base in these bacterial DNAs indicates that many restriction endonucleases may be inhibited by N4-methylation of cytosine residues in their recognition sites in vivo and that bacterial DNA cytosine methyltransferases must be carefully checked to determine whether they catalyze the formation of m4C.
MATERIALS AND METHODS
Strains. All bacteria came from the New England BioLabs strain collection except Xanthomonas campestris pv. oryzae, which was from the collection of M. Ehrlich. The * Corresponding author. strains are listed in Table 1 with the sources from which they were originally obtained and the temperature at which the cultures were grown.
Purification of bacterial DNA. DNA was prepared from 10 g of wet packed cells suspended in 20 ml of 25% sucrose-50 mM Tris hydrochloride (pH 8.0), and then 10 ml of 0.25 M disodium EDTA (pH 8.0) and 6 ml of 10-mg/ml lysozyme in 0.25 M Tris (pH 8.0) were added. After 2 h at 0°C, 24 ml of 1% Triton X-100 in 50 mM Tris hydrochloride-67 mM disodium EDTA (pH 8.0) and 5 ml of 10% sodium dodecyl sulfate were added. The solutions were shaken gently for several minutes to achieve complete mixing and cell lysis. They then were extracted with phenol and chloroform, dialyzed, and treated with RNase I, and the DNA was precipitated by standard techniques (26) .
Digestion of DNA and chromatography of deoxynucleosides. DNA was digested to nucleosides with nuclease P1 and Escherichia coli alkaline phosphatase (14) . The resulting deoxynucleosides from 20 to 90 ,ug of DNA were separated by high-performance liquid chromatography. A previously described elution system (11, 14) was improved to increase the resolution, sensitivity, and speed of the chromatography. We used a specially developed reversed-phase column (Supelcosil LC-18S; 250 by 4.6 mm; Supelco); a two-buffer, single-ramp elution gradient; a 1.0-ml/min flow rate; and a 26°C isothermal column temperature. Buffer 
RESULTS AND DISCUSSION
In a previous study, m4C was found in the genomes of approximately one-half of the 17 types of examined thermophilic bacteria (11) . In that study, 15 types of mesophilic bacteria were also examined; most were anaerobes, like the thermophiles. None of these contained m4C in their DNA. In the present study, we looked at a greater variety of bacteria, almost all of which are mesophiles ( Table 1) . Because of their similar chemical nature, specially designed chromatography systems (5, 11) have to be used to resolve m4dCyd and m5dCyd (or the corresponding bases), which are difficult to separate. With a high-performance liquid chromatography system that resolves m4dCyd and m5dCyd, we have quantitated these deoxynucleosides in DNA digests. Besides using the different retention times of these deoxynucleosides to identify the m4dCyd and m5dCyd peaks, we also rely on their different UV-light absorbance ratios. In the eluting buffer, A280 relative to A254 is 3.0 for m5dCyd and 1.5 for m4dCyd.
The base composition of the different bacterial DNAs is given in Tables 2 and 3 . There were no irregularities in their major base content, and these data are in agreement with previously reported values available for some of these species (33) . The similarity of the major base compositions of the DNA of the five examined Haemophilus species (Tables  2 and 3 ) reflects their genetic relatedness. In contrast, in duplicate determinations, the major base content of the DNA from Bacillus caldolyticus differed considerably from that of the other Bacillus species (Tables 2 and 3 ). This result suggests that B. caldolyticus is genetically quite divergent from the rest of the examined species of its genus.
All of the bacteria studied contain at least one modified base (m6A, m5C, or m4C) as a minor component. Of the 26 types of bacteria examined in this study, 9 had m4C in their DNA (Tables 2 and 3) . m5C was present in the genomes of 16 of the DNAs studied (Tables 2 and 3 ). This is in good agreement with the previous findings of m5C in the DNA of about 60% of 44 examined strains of mesophilic bacteria (10, 11, 21, 32, 33) . As was observed in previous studies (11, 33) , most (88%) of the types of DNA studied had m6A as a minor base. Often it was present at rather high levels (>0.3 mol%) ( Tables 2   and 3 ). These bacteria may have a dam-type (5'-Gm6ATC-3') methylation system directing mismatch repair (15, 23, 29) . The dam methylase of E. coli is unaccompanied by a restriction enzyme with corresponding specificity for unmethylated 5'-GATC-3' sites. Consistent with their moderately high m6A content (Tables 2 and 3 (Tables 2 and 3 ) may lack the dam-type modification pathway, which has been implicated in the regulation of transcription, of transposition, and of initiation of DNA replication as well as in directing mismatch repair in E. coli (15, 29, 35) . Indeed, DNAs from Bacillus globigii and X. campestris pathovars holcicola, malvacearum, and oryzae, which have <0.2 mol% m6A (Table 2) , were previously shown not to possess dam-type methylation (3). The m6A content of Moraxella bovis DNA can be accounted for by its methylation at the A residues of 5'-GATC-3' sites as part of a restriction-modification system (4). B. caldolyticus has only one known restriction endonuclease, BclI, which recognizes a 6-base-pair sequence (30) . The relatively high level of m6A in its DNA and the previously reported absence in this bacterium of sequences that hybridize with those of the E. coli dam gene (3) suggest that B. caldolyticus harbors either another restriction-modification system probably recognizing a 4-base-pair sequence or a DNA (adenine-N6)methyltransferase other than a dam methylase or restriction-associated enzyme.
More than one modified base was present in most of the bacteria examined (Tables 2 and 3 ). In some cases, as for H. parainfluenzae, this may reflect the presence in one bacterium of dam methylation (3) as well as several restrictionmodification systems involving different modified bases (25, 41) . In contrast, Haemophilus influenzae Rd, whose only modified base in its DNA is m6A (Table 3) , has multiple DNA methyltransferases, all of which methylate adenine residues (31). Also, B. caldolyticus, B. globigii, Streptococcus pneumoniae, H. influenzae Rf, Streptomyces achromogenes, and X. campestris pv. oryzae contained only one detectable modified base in their DNA (Tables 2 and 3) . From their major base compositions and the sequences of their restriction recognition sites, the genomic frequency of modified bases resulting from methylation at a given class of restriction sites can be estimated by assuming a random sequence of bases in the genome and one modified base on each strand per recognition site. For example, in the cases of Streptomyces achromogenes (Sacd, GAGCTC; SacIl, CCGCGG [30] ) and X. campestris pv. oryzae (XorI, (18) . Although almost all restriction endonucleases are inhibited by complete substitution of cytosine residues in their DNA by m5C residues (18) , that is not considered in this table because the extensive nature of such substitution might have indirect effects on enzyme-DNA interactions.
CTGCAG; XorII, CGATCG [30] ), the predicted frequency of methylated base resulting from any one restrictionmodification system (-0.03 mol% each for Sacl, XorI, and XorII and -0.1 mol% for SacIl) is much more than the detection limits for m4C and m6A (<0.01 mol% m4C or m6A; Tables 2 and 3) . Therefore, Streptomyces achromogenes with 0.23 mol% m5C in its DNA and X. campestris pv. oryzae with 0.09 mol% m5C probably possess only DNA (cytosine-5)methyltransferases.
Evidence for unexpectedly low frequencies of restriction (Table 2) , the methylation of the HhaI or HaeIII recognition sequences would be expected to yield -0.15 mol% m5C in the genome if a random distribution of bases is assumed. The actual level of m5C in these genomes was 0.07 mol%, implying at least a twofold underrepresentation of the recognition sites. A similar underrepresentation of about fourfold in 5'-GATC-3' sites was previously observed for Thermobacteroides acetoethylicus (11) . An even greater difference between the predicted and the observed minor base compositions was seen for Fusobacterium nucleatum D. This bacterium harbors three restriction endonucleases, all of which recognize 4-base-pair sequences containing only C -G base pairs, namely, 5'-GGCC-3', 5'-CGCG-3', and 5'-GCGC-3' (24). F. nucleatum has only 28 mol% G+C in its genome ( (22) . This appears to be a s'trategy to restrict foreign dammethylated DNA, especially from bacteriophages. The DNA of this strain is unmethylated at its 5'-GATC-3' sites and is thereby protected from such restriction (22) . Because this strain contains 0.14 mol% m6A in its DNA (Table 3) , we predict that it will be found to possess another restriction system of the more conventional type that requires adenine methylation for inhibiting the restriction enzyme from hydrolyzing the host DNA. Alternatively, it might have a DNA adenine methyltransferase with functions other than protection against restriction (15, 23, 29, 35) .
Methylated cytosine (m5C or m4C) residues were found in the DNA of Serratia marcescens, Nocardia aerocolonigenes, Bacillus aneurinolyticus, and X. campestris pv. malvacearum (Tables 2 and 3) , which possess at least one restriction endonuclease (30) In this study, we have found that m4C is frequently present in mesophilic bacteria as a minor genomic base, just as previously found in thermophilic bacteria (11) and' in the mesophile Bacillus centrosporus (19) . m5C was not found in the DNA of any of 15 examined thermophiles which grow optimally at -60°C (11) . Similarly, the two extreme thermophiles examined in this study, B. caldolyticus and Thermus aquaticus, contained no detectable genomic m5C (Table 2) . Also, Thermoplasma acidophilum 122-1B2, which is grown optimally at 59°C (and contained 54 mol% A+T in its genome), had m4C (0.21 mol%), m6A (2.05 mol%), and no m5C (<0.01 mol%) in its DNA (D. Swinton, S. Hattman, D. Searcy, and C. Gehrke, unpublished results). These results are consistent with the hypothesis that bacteria which grow at high temperatures avoid m5C in their genomes because of the propensity of this base to heat-induced deamination and because of the inefficient excision of T from the resulting T. G mismatched base pairs (12, 38; S. Shenoy, K. Erlich, and M. Erlich, submitted for publication).
DNA (cytosine-N4)methyltransferases, like the analogous 5-methyltransferases, can participate in restrictionmodification systems. Janulaitis and co-workers (6, 19, 20) have demonstrated that site-specific DNA methylases from B. centrosporus, Micrococcus varians, and Citrobacter freundii catalyze the formation of m4C residues within sequences recognized by the restriction endonucleases of these cells. However, some cytosine methyltransferases might control DNA repair, expression, replication, or transposition like the adenine-specific dam methylase in E. coli (15, 23, 29, 35) .
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